Selected Topics in DNA Repair 390 systems or reactions that may be too challenging or even impossible to study using such experimental techniques. Furthermore, it is nowadays possible to apply highly accurate and reliable computational methods to larger, more complete biochemical models. Thus, using such approaches one can not only reconcile theory with experiment but, for example, compare the feasibility of differing propose d r e a c t i o n m e c h a n i s m s o r i d e n t i f y n e w pathways. There have been numerous computational investigations on or related to DNA damage and repair. In this chapter the application of Computational Chemistry to the study of DNA damage and repair is illustrated through a review of a number of relevant computational investigations that we have performed. More specifically, we have applied high accuracy density functional theory (DFT)-based methods to the study of several important primary and secondary nucleobase damage pathways and repair mechanisms. The chapter is divided into sections, each of which focuses on select results concerning a damage and/or repair process involving either the nucleobase or phosphate components of DNA: 2. Nucleobase oxidation via ionizing radiation: describes primary redox damage in nucleobases. In particular, the Gibbs Free Energies of solution-phase electron (ET), proton (PT) and proton-coupled electron (PTET) transfers for all DNA bases are examined. In addition, the potential of alkylthiols to act as repair agents of such damage is considered. 3. 8-Oxopurine formation in purine, adenine and guanine: focuses on secondary damage of purine nucleobases. Specifically, the mechanisms of • OH attack leading to formation of 8-oxopurine derivatives are discussed as well as the Gibbs Free Energy changes of possible associated ET, PT and PTET processes. 4. Deamination of oxidized cytosine: examines the thermochemistry of several possible mechanisms by which oxidized cytosine, a pyrimidine nucleobase, may undergo deamination. 5. Oxidation of serine phosphate: Implications for DNA: investigates radicals formed from radiation-induced damage of serine phosphate. 6. Oxidative repair of alkylated nucleobases: The catalytic mechanism of AlkB:
Introduction
A cells genetic information, its 'blueprint of life', is contained within its DNA. This biologically important molecule, however, can be attacked by high-energy ionizing radiation and oxidizing agents resulting in a range of possible damage. For instance, nucleobases can undergo chemical modifications or degradation such as oxidation, deamination, alkylation or be cleaved from the sugar-phosphate backbone. (De Bont & van Larebeke 2004; Friedberg et al. 2004; Hecht 1999; Kamiya et al. 1998; Labet et al. 2008a; Lindahl 1993; Lysetska et al. 2002; Neeley & Essigmann 2006; Rydberg & Lindahl 1982; Taylor 1994; Wang 2008) Similarly, the deoxyribose sugar moieties may also undergo various chemical modifications. These events can lead further to the formation of DNA-DNA or DNA-protein cross-links or DNA-strand breaks. (Kumar & Sevilla 2010; Lipfert et al. 2004 ) Importantly, damage to DNA can significantly affect its replication and transcription. This can ultimately result in cell apoptosis or protein mutations and pathological diseases such as cancer. (Pages & Fuchs 2002) Experimentally, there have been numerous detailed in vivo and in vitro investigations into the processes and pathways involved in the damage of DNA. (See, for instance, Kumar & Sevilla 2010; Mishina et al. 2006 , Wetmore et al. 2001 ) Radiolysis experiments with photometric, electrochemical and electron paramagnetic resonance detection, enzymatic inhibition and mutagenesis studies have identified a large number of reaction intermediates and rate constants for many damage and repair processes. For more in-depth reviews of experimental investigations on DNA damage processes the reader is also directed to relevant chapters in this present book. Unfortunately, however, many uncertainties and questions still remain about DNA damage and repair. Computational chemistry provides an alternate and also complementary approach for obtaining a deeper understanding of chemical processes. This is in part because it can not only be applied to systems that are amenable to experimental investigation but also to those Many biochemical processes occur within a polar environment, in particular an enzyme active site or aqueous medium. This can influence the properties and reactions of a biomolecule. Hence, it can be important to include such effects in the computational model. Each study described in this chapter has used a polarizable continuum (PCM)-based approach (Cammi & Tomasi 1995; Miertus et al. 1981) in the integral equation formulism (IEF). (Cances & Mennucci 1998; Cances et al. 1997; Mennucci et al. 1997) In this method the chemical system is effectively 'wrapped' in a density-fitting polar dielectric medium. Within this chapter a dielectric constant (ε) value of 4.0 has been used when modeling reactions within a protein active site, while the standard value for water at 298 K has been used for reactions modeled in aqueous environments. The specific computational details of each investigation are outlined in their respective section and in the appropriate article. In order to determine relative free energies of reactions in which protons and electrons act as independent ions, it can be necessary to use 'fundamental values' such as the chemical potential of an electron or proton in a vacuum or aqueous solution under standard conditions. The values used in this chapter are given in Table 1 . These have been obtained by means of a first principles quantum and statistical mechanics approach, the details of which are provided in a recent paper by Llano and Eriksson.(Llano & Eriksson 2002) Quantity eV kcal mol -1 0.0 0.0 -4.34 ± 0.02 -100.03 ± 0.5 -1.6638 ± 0.04 -38.37 ± 0.5 -11.6511 ± 0.02 -268.68 ± 0.5 Table 1 . Chemical potentials of an electron in vacuum and an electron and proton in aqueous reference states. (Llano & Eriksson 2002 ).
Nucleobase oxidation via ionizing radiation
Ionizing radiation can potentially be absorbed by any of the three nucleotide components of DNA (i.e., phosphate, sugar or nucleobase) or its surrounding waters; also an essential part of DNA structure. (Kumar & Sevilla 2010 ) Primary damage of, for example, nucleobases, is caused by their direct absorption of radiation. Secondary damage (such as that described later in this chapter) can also occur, for instance, when the radiation is absorbed by the solvent, thus generating radicals or solvated electrons which then attack the nucleobase. (von Sonntag 1987; von Sonntag 1996) Direct absorption (primary damage) can cause the formation of a radical-cationic base via the loss of an electron, i.e., generation of an electron hole. Due to the stacking of nucleobases within DNA charge transfer (transfer of the hole) can then occur along the strand. Consequently, this enables 'primary damage related' reactions to occur distant from the site of initial damage. The potential for charge transfer due to the π-orbital interactions between bases was proposed as early as 1962. (Eley & Spivey 1962) Alternatively, however, it may enable charge recombination to occur further along the chain. This is because radical-anionic bases can be formed by the capture of the free electrons, where the resulting damage to the nucleobase also constitutes primary damage. Guanine has the lowest ionization potential of the four DNA nucleobases, followed by adenine. (Hush & Cheung 1975; Kumar & Sevilla 2010; Steenken & Jovanovic 1997; Yang et al. 2004 ) Consequently, they are in general oxidized to give their radical-cations while thymine and cytosine act as electron sinks and form their radical-anions. However, vice versa, in the transfer of electron holes guanine typically acts as a sink for DNA radiative oxidation. (Cadet et al. 2008; Kumar & Sevilla 2010) Reduction/oxidation of a nucleobase can significantly affect its properties. In particular, it has been shown that their oxidation greatly increases their acidity (lowers their pK a ). (Kumar & Sevilla 2010) Indeed, the formation of a radical base is often associated with proton transfer reactions that can lead to further nucleobase damage. However, as has also been noted, these same proton transfers can result in nucleobase repair. (Llano & Eriksson 2004b) Fig. 1. Structures of the dehydrogenated nucleobases for both the cations and anions. The position of the missing hydrogen is marked by the asterisk.
Unfortunately, our understanding of these important electron-(ET) and proton-transfer (PT) reactions is incomplete. (Llano & Eriksson 2004a ) This is not only due to the highly transient and reactive nature of key species involved, but also because experimental measurements of free energies for such processes can only be obtained indirectly. (Llano & Eriksson 2004a) Moreover, at times, the available experimental techniques (photoelectron spectroscopy, mass spectroscopy, pulse radiolysis and electrochemical techniques) appear to give contradictory results. (Seidel et al. 1996) Using computational methods we have investigated the processes involved in the oxidation and reduction of DNA nucleobases. (Llano & Eriksson 2004a) In particular, the nature of the ET process, the effect of PT on such processes, and vice versa, was examined using the chemical models shown in Figure 1 . All optimizations were performed at the B3LYP/6-31(+)G(d,p) level of theory; diffuse functions only being included for anionic species'. Harmonic vibrational frequencies and zero-point vibrational energies (ZPVE) were calculated at this same level of theory. Relative energies and absolute chemical potentials were then obtained via single point calculations at the IEF-PCM/B3LYP/6-311+G(2df,p) level of theory, in aqueous solvent, based on the above optimized structures with inclusion of the appropriate Gibbs corrections. In combination with the values listed in Table 1 , the free energies for oxidation of the four neutral DNA bases and the corresponding anions was determined. Specifically, the free energies were calculated for the three different reference states used to define the absolute chemical potential of the electron: in vacuum, aqueous or the SHE reference state. (Seidel et al. 1996) , b ), c (Steenken & Jovanovic 1997) .
ET is a common process that occurs upon absorption of radiation by nucleobases. Using a first principles approach the free energy changes involved with such a process for all four DNA nucleobases were calculated and are shown in Table 2 . (Llano & Eriksson 2002 ) It can be seen that the ionization of each of the anionic bases (B •-(aq) ) can be either endothermic or exothermic depending on the reference state of the electron. For example, in the vacuum or aqueous state the oxidation of the anionic bases is generally an endothermic process. The only exception occurs for guanine in the aqueous state in which the process is marginally exothermic (-0.5 kcal mol -1 ). In contrast, in the case of the SHE reference state, oxidation of each base is markedly exothermic. For A •-and G •-the values calculated are in close agreement to those obtained experimentally. (Seidel et al. 1996; Steenken & Jovanovic 1997; Steenken et al. 1992) In contrast, those calculated for C •-and T •-are not in as good agreement, being almost twice the corresponding experimental values. However, the overall trends are consistent; the oxidation of C •-or T •-is thermodynamically less favorable than that of A •-or G •-. Conversely, the reverse process, capture of a solvated electron by C or T (i.e., C/T (aq) + e -(aq)  C/T •-(aq) ) is thermodynamically preferred (-9.9 kcal mol -1 and -13.5 kcal mol -1 , respectively) compared to that involving A or G (-2.3 kcal mol -1 and 0.5 kcal mol -1 , respectively). Oxidation of the neutral bases is calculated to be endothermic for each reference state of the electron ( Table 2 ). The degree of endothermicity, however, depends on the reference state being most endothermic in vacuum and least for the SHE reference state. Unlike that observed for the radical anion bases, the SHE calculated values for the neutral bases are all in good agreement with experiment. The largest difference occurs for C and is now only 10.7 kcal mol -1 compared to the 25.9 kcal mol -1 difference for C •-, while the smallest difference (-3.8 kcal mol -1 ) is observed for guanine. In addition, neutral G is calculated to have the lowest free energy of oxidation and is thus the easiest of the four DNA nucleobases to be ionized, in agreement with experimental observations. The free energies associated with the loss of a proton from the resulting radical-cationic bases to solution were calculated and are given in Table 3 . For A/G •+ the energy changes associated with deprotonations to form syn-A(N 6 -H), anti-A(N 6 -H), and G(N 1 -H) were determined to be quite small at just -0.6, -0.7 and -0.3 kcal mol -1 respectively. (Llano & Eriksson 2004a) In contrast, the energy changes associated with deprotonation of C/T •+ to give syn-C(N 4 -H) or anti-C(N4-H) and T(C 5 -H) are larger at -5.2, -4.5 and -22.3 kcal mol -1 , respectively. (Llano & Eriksson 2004a ) It is noted that T(C 5 -H) has only been observed in the solid state and not in solution, (Steenken 1989 ) and thus will not be discussed herein. Unlike the other deprotonation processes, formation of T(N 3 -H) was found to be endothermic and (Steenken 1989; Steenken 1992) .
had the largest absolute free energy change (9.9 kcal mol -1 ). (Llano & Eriksson 2004a ) Thus, the loss of a proton in aqueous conditions is thermodynamically favorable for the radicalcationic bases except for proton loss from N 3 -H in thymine. The unfavourable decay of T •+ via deprotonation of N 3 -H suggests that the ion may have a long enough lifetime such that it may instead obtain an electron, a thermodynamically favourable process ( Table 2) . Thus, T •+ may instead preferably react to regenerate the neutral base T rather than decay. (Llano & Eriksson 2004a) Having established an understanding of the energies associated with oxidation of the anionic and neutral bases, energy changes associated with possible repair mechanisms of this damage were then investigated. For the deprotonated neutral radical bases (B(-H) • (aq) ) regeneration can occur via three possible pathways: (i) ET followed by PT (Table 4) ; (ii) a proton-coupled electron transfer (PTET) ( Table 5 ) or (iii) direct transfer of a hydrogen atom. From Table 4 it can be seen that reduction of the deprotonated bases is exothermic under all reference states with the exception of T(N 3 -H) • in the SHE reference state. However, the energy change for protonating all of the reduced bases (B(-H) -(aq) ) is favorable. Protonation of G(N 1 -H) -has the smallest free energy change suggesting that the conjugate acid is relatively stronger than the other neutral bases. Importantly, the more acidic a molecule, the more powerful it is as a reducing agent. Thus, as G has the smallest energy cost of deprotonation of any of the DNA bases it is more likely to reduce the other bases and thereby act as an electron hole sink, as observed experimentally. (Steenken 1989; Steenken 1992 
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Under alkaline conditions it is expected that ET would occur prior to PT, as seen in Table 4 . However, under acidic conditions a PTET process may occur. The associated calculated energy values are given in Table 5 . As can be seen, the free energy changes for ET are exothermic for all reference states when it occurs simultaneously with a PT. Importantly, the free energies associated with electron addition are decidedly more favorable in the case of a PTET process compared to that observed in the previous ET process (cf. Table 4) . It is likely that this process is important under low pH conditions where the free protons would scavenge the hydrated electrons to yield H • . These free energy changes are less exothermic than those seen in the PTET process (cf. Table 5 ; e -(aq) results). However, under acidic conditions the PTET and H • processes would likely compete as they both react at diffusion-limited rates. Of all possible three reduction mechanisms for B(-H) • , PTET processes show the greatest change in free energy. Clearly, the possible processes by which the neutral bases may be regenerated are inherently favorable regardless of whether the electrons originate from vacuum, dilute aqueous solutions or SHE reference states. However, they still require that there be a suitable reductant. It has been noted that in solution a free thiol could be a likely reductant for transfer of a H • to a radical-cationic DNA base, thereby repairing the lesion. (von Sonntag 1987; von Sonntag 1996) . Hence, the applicability of thiols to act as such a reductant was also investigated. It should be noted that although the process of repairing the nucleobase can occur via enzymatic or other chemical processes, only the latter involving methylthiol is discussed here. The calculated free energy costs associated with regeneration of the deprotonated radical bases by methylthiol (CH 3 SH) are given in Table 6 . Two possible reduction pathways exist:
Pathway i most likely only occurs under basic conditions. However, as can be seen from Table 6 , for syn-/ anti-A(N 6 -H) • and -C(N 4 -H) • an initial loss of the -SH proton markedly lowers the reductive ability of the thiol. That is, the overall free energy change associated with regeneration of the nucleobases is reduced, i.e., ∆ ET G Θ is less exothermic than ∆ PTET G Θ . However, for G(N 1 -H) • and T(N 3 -H) • the free energy changes are quite close for both possible regeneration pathways. The markedly larger values of ∆ PTET G Θ compared to ∆ ET G Θ for all adenine and cytosine species considered suggests that PTET is the favoured process at any pH for these nucleobases. However, the negligible difference observed for guanine and thymine suggest that the preferred path will depend on the reaction conditions, e.g., pH. Importantly, regardless of the preferred pathway the calculated free energies indicate they are both favorable, exothermic processes.
8-Oxopurine formation in purine, adenine and guanine
A m a j o r t y p e o f s e c o n d a r y D N A d a m a g e i s t h a t c a u s e d b y t h e a t t a c k o f h y d r o x y l radicals. (Llano & Eriksson 2004a; von Sonntag 1987; von Sonntag 1996) Such radicals can be formed when metals or hydrogen peroxide are present. (Burrows & Muller 1998) In addition, however, the absorption of radiation by water can lead to not only the formation of solvated electrons but also of reactive oxygen species such as • OH. Furthermore, related modifications of nucleobases can occur via the reaction of their radical cation with water. For instance, reaction of G •+ with H 2 O has been suggested to be an important alternative pathway in DNA modification. (Candeias & Steenken 2000) Unfortunately, due to the high reactivity of these radicals where the rates of reaction are typically diffusion controlled, (Llano & Eriksson 2004a) it is impossible for radical scavengers to prevent them from damaging DNA. It has been suggested that approximately half of the damage done by • OH occurs at the nucleobases. In the purine bases the hydroxyl has been observed to attack at their double bonds to form the C 4 , C 5 and C 8 adducts with the latter (i.e., B8OH • (aq) ) being the major product of oxidation and radiolysis. (Hagen 1986; Hatahet 1998; Kasai et al. 1986; Llano & Eriksson 2004b; Teoule 1987) The subsequent oxidation of B8OH • (aq) to give 8-OHB (aq) may occur via either of the two pathways shown in Figure 2 : (i) a PT followed by an ET (Cullis et al. 1996) or (ii) a PTET mechanism (Candeias & Steenken 2000) . The resulting common 8-OHB (aq) product of both pathways can then undergo tautomerization to yield the corresponding 8-oxo derivative (8-oxoB (aq) ). It is noted that the barrier for tautomerization of 8-hydroxy-purine (8-OHPu (aq) ) has been calculated to be quite low at only 7.0 kcal mol -1 with the keto form (8-oxoPu (aq) ) being favoured over the enol form by 10.6 kcal mol -1 . (Llano & Eriksson 2004b) Fig. 2. Two proposed pathways for • OH attack at the C8 position of a purine base and subsequent oxidation to generate the 8-oxo purine derivative.
The 8-oxoG/A products are in fact major stable DNA purine oxidation products produced via the radiolysis of water. (Hagen 1986; Hatahet 1998; Kasai et al. 1986; Teoule 1987) However, it is been observed that the adenine derivative (8-oxoA) is formed only about one-third of the time compared to the guanine derivative (8-oxoG). (Burrows & Muller 1998; Llano & Eriksson 2004b ) Importantly, however, the formation of either 8-oxoB species promotes the formation of mutagenic lesions that can cause mispairings resulting in G:C and T:A transversions. (Cheng et al. 1992; Cullis et al. 1996; Llano & Eriksson 2004b; Newcomb 1998; Pavlov et al. 1994 ) Such lesions are in fact caused by the further oxidation of 8-oxoB to their corresponding 8-oxoB • (-H7) derivatives. Moreover, it has been shown that depending on the reaction conditions both spiroiminodi-and guanidino-hydantoin are also major products formed by further oxidation of 8-oxoG. (Munk et al. 2008 ) It has been suggested that these further reactions occur because the 8-oxoB species' have lower ionization potentials than any other native base. (Cadet & Vigny 1990; Chatgilialoglu et al. 2000) Hence, they could act as a trap for a migrating electron hole. (Sponer et al. 2004; Yao et al. 2005 ) Unfortunately, however, despite detailed experimental study, the exact route by which such species' (8-oxoB and 8-oxoB • (-H7)) may be formed remains unclear. (Llano & Eriksson 2004b) We performed a computational investigation on the processes by which 8-OHB (aq) may be formed for purine, adenine and guanine. (Llano & Eriksson 2004b) In addition, the subsequent oxidations by which 8-oxoB and 8-oxoB • (-H7) may be formed were also examined using a first principles approach. (Llano & Eriksson 2002 ) Optimized structures, harmonic vibrational frequencies and ZPVEs were calculated at the B3LYP/6-31(+)G(d,p) level theory; diffuse functions only being included for anionic species'. Relative Gibbs Free energies were obtained by performing single point calculations at the IEF-PCM/B3LYP/6-311+G(2df,p) level of theory, in aqueous solvent, based on the above structures with inclusion of the appropriate Gibbs corrections. Attack of • OH at the C 8 position in purine, adenine or guanine results in formation of the corresponding radical hydroxylated intermediates B8OH• (Figure 3) . Notably, they are stabilized relative to the isolated reactants by -13.4, -14.9 and -15.8 kcal mol -1 for purine, adenine and guanine respectively. The oxidation of B8OH • (aq) may then be initiated via PT from its -C 8 -H moiety (Figure 3 ). This step, resulting in formation of the corresponding radical-anionic derivatives 8-OHB•-(aq) was calculated to be significantly endothermic for all three purine bases considered with a minimum free energy cost of ~28 kcal mol -1 . Notably, the largest costs of 35.4 and 47.4 kcal mol -1 are observed for adenine and guanine, respectively. This suggests that a strong base is required for deprotonation of C 8 in B8OH • (aq) and is unlikely to occur under neutral or acidic conditions. The resulting 8-OHB •-(aq) ions can then either oxidize further via loss of an electron to give 8-OHB (aq) or tautomerize to give 8-oxoB •-(aq) . As can be seen in Figure 3 , both possible processes are thermodynamically preferred. Importantly, however, these latter two species can subsequently undergo tautomerization and electron loss, respectively to give the same 8-oxoB (aq) product species. The barriers for tautomerization of the radicalanionic (8-OHPu •-(aq) ) and neutral purine (8-OHPu (aq) ) are both low at just 5.2 and 7.1 kcal mol -1 , respectively. (Llano & Eriksson 2004b ) Thus, the choice of pathway from 8-OHB •-(aq) to 8-oxoB (aq) may in fact be controlled by the thermodynamics of the loss of an electron. From Figure 3 it can be seen that for purine and guanine the largest decreases in free energy observed for electron loss along either of these two paths occurs for the oxidation of the enol radical anion 8-OHB •-(aq) to give 8-OHB (aq) with decreases of 55.6 and 72.5 kcal mol -1 respectively. In contrast, for adenine the largest decrease (65.2 kcal mol -1 ) is observed for loss of an electron from the keto radical anion 8-oxoB •-(aq) to give 8-oxoB (aq) . Thus for purine and guanine it is likely that formation of 8-oxoB (aq) occurs via tautomerization of 8-OHB (aq) , while for adenine it involves oxidation of 8-oxoB •-(aq) . As shown in Figure 4 , oxidation of B8OH • (aq) may alternatively be initiated by ET, giving rise to B8OH + (aq) ions. Similar to that observed for an initial PT from B8OH • (aq) (cf. Figure 3) , this process is also found to be endothermic for all three purine nucleobases. However, with the exception of purine, the energy costs incurred are now significantly less. Indeed, for A/G8OH • (aq) ET is thermodynamically preferred to PT by 24.1 and 47.2 kcal mol -1 respectively. It is further noted that for guanine, the reactant G8OH • (aq) is essentially thermoneutral with the G8OH + (aq) intermediate. Furthermore, the subsequent PT from B8OH + (aq) to give 8-OHB (aq) is highly exothermic for all bases by 57.1, 45.3 and 25.3 kcal mol -1 for purine, adenine and guanine, respectively. This is in contrast to the highly endothermic initial PT observed in B8OH • (aq) (cf. Figure 3) . For the ET initiated oxidation pathway tautomerization can only happen once PT has occurred, that is, once 8-OHB (aq) has been formed. This rearrangement, which results directly in formation of 8-oxoB (aq) , is 
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exothermic for all bases considered by 10.0 -12.3 kcal mol -1 . It should be noted that in addition to the possible ET and PT initiated processes, a PTET (i.e., the concerted loss of electron and proton) process may also occur. However, the overall free energy change for formation of 8-OHB via this alternate path is -27.9, -26.8 and -25.1 kcal mol -1 relative to B8OH • (aq) for purine, adenine and guanine, respectively. The formation of 8-oxoB • (-H7) (aq) can potentially be achieved by further oxidation of the neutral tautomers 8-oxoB (aq) and 8-OHB (aq) , initiated by loss of an electron (Figure 5) . For both species', however, this ET process is endothermic. For purine and adenine the lowest associated energy costs (46.1 and 30.5 kcal mol -1 respectively) are incurred for ET from 8-oxoB (aq) while for guanine it is incurred from 8-OHB (aq) with a cost of 20.1 kcal mol -1 . Notably, for both 8-oxoB (aq) and 8-OHB (aq) the loss of an electron from the guaninederivative (8-oxoG (aq) and 8-OHG (aq) ) is preferred to that from the corresponding adenine or purine-derivatives. Regardless, however, a suitable oxidant is required in order to oxidize either 8-oxoB (aq) or 8-OHB (aq) . The barriers for tautomerization for both the neutral 8-oxoB (aq) /8-OHB (aq) and radical-cationic 8-OHB •+ (aq) /8-oxoB •+ (aq) species' are quite low at 
Deamination of oxidized cytosine
In addition to damage by ionizing radiation it has been found that nucleobases are susceptible to oxidation by one-electron oxidants, e.g., nitrosoperoxycarbonate present during inflammatory processes. (Cadet et al. 2006; Lee et al. 2007 ) The purine base guanine, despite having the lowest ionization potential, is not the sole target for oxidants. In particular it has been observed that the pyrimidine bases are also susceptible to oxidation. (Decarroz et al. 1986; Douki & Cadet 1999; Wagner et al. 1990 ) Importantly, this oxidation leads to degradation via two possible competing pathways that are initiated by deprotonation of: (i) the methylene carbon of the sugar moiety (C 1 ') attached to the pyrimidine nitrogen (N 1 ) or (ii) the exocyclic amine attached to C 4 of the ring. Notably, the latter path has been suggested to lead to hydrolytic deamination of the pyrimidine ring. (Decarroz et al. 1987) Previous computational investigations have investigated the deamination of non-oxidized cytosine, in particular via the attack of water or an hydroxyl anion ( -OH) at its C 4 centre and via NO • attack at N 4 . (Almatarneh et al. 2006; Labet et al. 2009 ) While the lowest barrier was obtained for the nucleophilic attack of OH -at C 4 , the calculated value was 9.6 kcal mol -1 higher than that obtained experimentally. However, the susceptibility of cytosine to oneelectron oxidation suggests that possible mechanisms for deamination of C •+ should also be taken into consideration. The importance of considering such reactions is further underlined by the fact that the product of oxidation and deamination of cytosine is the highly mutagenic uracil residue. We used computational chemistry methods to investigate the deamination of cytosine via the oxidized cytosine intermediate C •+ and via a deprotonated cytosine. Optimized structures and their corresponding harmonic vibrational frequencies were obtained at the IEF-PCM/B3LYP/6-311G(d,p) level of theory in aqueous solvent. Relative free energies were obtained at the same level of theory with inclusion of the appropriate Gibbs energy corrections. In section 2 it was shown that the one-electron oxidation of cytosine with the loss of the electron and proton in aqueous solution (i.e. C  e -(aq) + H + (aq) + C(-N 4 ) • (aq) ) occurs with a sizeable free energy cost of approximately 104 kcal mol -1 ( Table 4 ). The optimized structure of the oxidized C(-N 4 ) • (aq) ring (not shown) is similar to that of neutral cytosine being planar with similar bond lengths, in agreement with other theoretical studies. (Cauet et al. 2006; Wetmore et al. 2000; Wetmore et al. 1998 ) The calculated spin densities and Mulliken charges showed that the positive charge is delocalized over the ring with the greatest change in partial charges occurring at C 5 (+0.24e) while for spin densities they occur at C 5 (0.64) and N 1 (0.30). The loss of a proton from N 4 in C •+ can result in the formation of either syn-or anti-C(N 4 -H) • with the former being slightly more stable (Table 4) . However, in the resulting antiform it was found that when H 2 O is added, analogous to spontaneous deamination of the www.intechopen.com
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neutral base, (Labet et al. 2008a ) it forms a hydrogen-bond bridge between N 3 and N 4 (RC: Figure 6 ). Thus, only the anti-form is discussed herein. It is noted that the addition of H 2 O has negligible effect on the Mulliken charges and spin densities of anti-C(N 4 -H) • and with no delocalization onto the water itself. Deamination is then initiated by transfer of a H • from the water onto the N 3 ring centre (Figure 6 ). This process proceeds via TS1 with a barrier of 16.8 kcal mol -1 to give intermediate I1, lying 11.5 kcal mol -1 higher in free energy than RC and is thus endergonic. Intermediate I1 resembles a complex between a cytosine tautomer and a hydroxyl radical. Interestingly, upon H • transfer the partial charge on C 4 has increased by +0.29e to 0.38e close to that observed on C 4 (0.37e) in neutral cytosine. Thus, in I1 C 4 has the same electrophilicity as in the neutral base. Indeed, the next step is nucleophilic attack of the • OH moiety at the C 4 centre. This occurs via TS2 with a barrier of 8.6 kcal mol -1 relative to I1; 20.1 kcal mol -1 with respect to RC. It should be noted that for spontaneous deamination of cytosine in water the analogous hydroxylation also occurs via attack of water at the C 4 position with simultaneous transfer of a proton from the H 2 O moiety onto the amino N 4 centre with concomitant cleavage of the C 4 -N 4 bond. However, it proceeds with a barrier four to five times larger than that observed above for reaction via TS2. (Labet et al. 2008b) In the resulting intermediate I2, lying just 4.2 kcal mol -1 higher in energy than the initial complex RC, the C 4 centre is now tetrahedral with a C 4 -OH bond length of 1.432 Å. There are then five possible pathways by which deamination of I2 may occur, hereafter referred to as Path A, B, C, D, and E. The free energy changes associated with each are summarized in Table 7 . Table 7 . Calculated (see text) relative free energies for stationary points along Path A, B, C, D and E for deamination of I2 in aqueous solution.
Path A begins with protonation of the N 4 centre in I2 where the proton originates from the surrounding dilute aqueous solvent. The resulting intermediate A I3 lies 13.3 kcal mol -1 lower in energy than I2. This is followed by a second protonation of N 4 with the proton again originating from the surrounding dilute aqueous solvent. In contrast to the first, this second protonation is endergonic by 8.8 kcal mol -1 . However, the resulting intermediate A I4 still lies lower in energy than I2 by 4.5 kcal mol -1 . In A I4 the initial -N 4 H group in I2 has now formally become an -N 4 H 3 + group. Consequently, the next step is the loss of NH 3 by simple cleavage of the C-N bond. This occurs with a barrier of 7.3 kcal mol -1 relative to A I4 ( Table 7) . It should be noted that the resulting product complex of A P lies 11.8 kcal mol -1 lower in energy than I2 and resembles a complex between NH 3 •+ and protonated uracil. (Labet et al. 2008b) In contrast, in Path B the initial 'protonation' of N 4 is achieved via an intramolecular rearrangement from the N 3 -H group and does not originate from solution. This reaction proceeds via the four-membered ring TS B TS3 at a significant cost of 34.0 kcal mol -1 to give intermediate B I3, lying 8.8 kcal mol -1 higher in energy than I2 (Table 7) . However, similar to Path A the second step is protonation of N 4 with the proton originating from solution. This process is exergonic with the resulting intermediate B I4 lying 5.6 kcal mol -1 lower in free energy than B I3. The subsequent cleavage of the C 4 -N 4 H 3 + bond occurs via B TS4 to give the product complex B P. However, unlike for Path A, B P is higher in energy than I2 by 7.1 kcal mol -1 and instead resembles a complex between NH 3 and the oxidized enol form of Uracil. Like Path A, the alternate Path C begins with the exothermic protonation of N 4 by a proton originating from solution to give A I3 ( Table 7) . Table 7) . This reaction proceeds via D TS3 at a cost of 26.8 kcal mol -1 . While this barrier is still quite high, it is 7.2 and 12.6 kcal mol -1 lower than the analogous intramolecular rearrangements in Paths B and C and is thus kinetically favoured. The resulting intermediate formed D I3 lies only 2.2 kcal mol -1 higher in energy than I2. This is then followed by protonation of the N 4 centre by a proton originating from solution, similar to Paths A and B. This step is exothermic with the intermediate formed, D I4, lying 6.4 kcal mol -1 lower in energy than D I3. The next and final step is the loss of NH 3 and occurs via D TS4 with a quite small barrier of just 2.1 kcal mol -1 . The resulting product D P, resembling a complex between NH 3 and oxidized uracil, is markedly lower in energy than I2 by 26.3 kcal mol -1 . Importantly, it is in fact the lowest energy product complex obtained of all those considered herein. The final path considered, Path E, begins with the same exothermic intermolecular protonation of N 4 as in Paths A and C and again leads to formation of A I3. The next step, however, is intramolecular proton transfer from the C 4 -OH group to N 4 as occurs in Path D. Importantly, it proceeds via E TS3 with a higher barrier (33.9 kcal mol -1 ) than observed in Path D (26.8 kcal mol -1 ) to give D I4. The final step is then cleavage of the C 4 -N 4 bond as in Path D to give D P. Thus, while deamination via donation of both protons from the aqueous solution (Path A) may have the lowest associated barriers, the resulting product is not the most www.intechopen.com 
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thermodynamically favoured. In contrast, in those cases in which only one proton originates from solution (Paths B -E), only those involving intramolecular rearrangement of a proton from C 4 -OH (Paths D and E) are exothermic and lead to formation of the most thermodynamically preferred product ( D P). Furthermore, the barrier for this rearrangement is lowest when it occurs prior to proton donation from the solvent. Lastly in the case where both protonations occur via intermolecular processes, NH 3 •+ is formed ( A P) while NH 3 is formed when only a single proton originates from exogenous sources ( B P and D P).
Oxidation of serine phosphate: Implications for DNA
As mentioned in section 2, the exposure of DNA to high-energy radiation can also cause damage at its phosphate backbone. In particular, it can cause strand breaks via cleavage of the phosphoester bonds. (Lipfert et al. 2004 ) When the absorption of radiation causes the ionization of the phosphate it has been shown that it then abstracts a H • from the deoxyribose ring at either its C 4' or C 5' position. This is then followed by heterolytic cleavage of the phosphoester bond. (Lipfert et al. 2004; Steenken & Goldbergerova 1998) Alternatively, the strand break may be preceded by chemical modification of the nucleobase or deoxyribose ring or the phosphoester bond may simply undergo a direct cleavage. (Lipfert et al. 2004) Experimentally it can be difficult to clearly observe and characterize damage within DNA due to its size. Thus, it is common to either use short fragments or model compounds that can reproduce or mimic the damage and associated processes that may occur. For example, serine phosphate contains a phosphate bond as well as a carboxylate that can act as an electron scavenger much like the bases within DNA itself. Thus, it is often used in experimental studies on the processes of DNA damage at its phosphate and subsequent bond cleavage reactions and in fact has led to a deeper understanding of those processes involved.
( I) (II) (III) Fig. 7 . The C 2 -centered radical I and C 3 -centered radicals II and III proposed to be formed upon the irradiation of non-and partially-deuterated single crystals of L-O-serine phosphate. (Sanderud & Sagstuen 1996) In particular, evidence has been obtained suggesting the formation of several different radical species. Specifically, the irradiation of non-and partially-deuterated single crystals of L-O-serine phosphate has been suggested to produce the three radicals I, II and III shown in Figure 7 . (Sanderud & Sagstuen 1996) In particular, it is thought that upon irradiation serine phosphate can take up a now free electron to form a C 1 -centered radical a n i o n . T h i s m a y t h e n u n d e r g o deamination to form the C 2 -centered radical anion I. Alternatively, a serine phosphate may lose an electron to form a neutral C 1 -centered radical which then undergoes decarboxylation to give a C 2 -centered radical. This latter radical may then abstract a H • from the C 3 position of another serine phosphate to generate the C 3 -centered radical anion II. In contrast, the neutral C 3 -centered radical III is proposed to be formed via the uptake of a free electron by serine phosphate to give a P-centered radical anion which then simply undergoes loss of the phosphate group. We investigated the nature of radicals I, II and III by obtaining optimized structures at the B3LYP/6-31G(d) level of theory. Hyperfine coupling constants (HFCCs) were then calculated via single point calculations at the B3LYP/6-311+G(2df,p) level of theory on the above structures and are listed for all three radicals in Table 8 . (Lipfert et al. 2004) In the optimized structure of radical I the largest spin density is located on C 2 (0.71) while the carbonylic oxygen of the carboxylate group also has significant spin density (0.18). This delocalization of spin density is due to conjugation between the singly occupied molecular orbital (SOMO) on C 2 and the C 1 =O π-bond. In addition, it is noted that near planarity was observed for C 1 and C 2 and their substituents, in agreement with experiment. (Sanderud & Sagstuen 1996) With respect to its calculated HFCCs, as can be seen in Table 8 the values calculated for the α-hydrogen are in good agreement with experiment. The slight deviation in A iso from experiment is possibly due to the fact that the calculations are performed in the gas-phase on an isolated molecule and hence effects due to crystal packing are ignored. The calculated HFCCs for the two β-hydrogens are also in good agreement with the experiment. However, a rotational scan was performed in order to obtain the dihedral angle between the -hydrogens and SOMO that gave HFCCs in best agreement between theory and experiment. It was found that this occurred for dihedral angles of -1.7º and 117.2º. (Sanderud & Sagstuen 1996) isotropic and anisotropic components (MHz) of the hyperfine coupling tensor of radicals I, II, and III.
Radical
In contrast to radical I, the best agreement between computational and experimental HFCCs for radicals II and III was not obtained for their proposed structures shown in Figure 7 . Rather, the structures that gave best agreement were found to be the radical-cationic forms of II and III; that is, structures in which their phosphate and carboxylic acid groups are neutral while the amino group is protonated. Hence, these latter structures were used in all HFCC studies on radicals II and III. For radical-cationic II the calculated HFCCs for the α-hydrogen are generally in good agreement with the experimental values with A iso differing by just 2.3 MHz (Table 8) .
However, for both β-hydrogens, less satisfactory agreement between theory and experiment is observed. Specifically, the calculated A iso values of 15.4 and 12.7 MHz differ from their corresponding experimental values by 9.6 and 3.2 MHz, respectively. As noted for the α-hydrogen in I, these differences are likely due to bulk crystal effects not being modeled in the calculations. Similarly, for the γ-hydrogens on the amino group, a difference of 4.0 MHz is seen between the calculated and experimental values. However, it has been stated that the given experimental value is associated with a degree of uncertainty. (Sanderud & Sagstuen 1996) In the optimized structure of II the C 3 centre is not completely planar where an angle between the hydrogen on C 3 and the plane defined by C 3 -C 2 -O was found to be 22.0º. (Lipfert et al. 2004 ) This is in good agreement with the corresponding experimentally determined value of 19.5º. (Sanderud & Sagstuen 1996) It is noted that the C 3 centre and adjacent oxygen have spin densities of 0.84 and 0.11 respectively, suggesting slight delocalization of the SOMO. Dobbs et al. (Dobbs et al. 1971; Dobbs et al. 1972) have suggested that this is due to incomplete rehybridization of the carbon-centered radical and is common when the carbon is bonded to an oxygen. Indeed, in radical-cationic III in which the phosphate group on C 3 has been lost, i.e., there is no C 3 -O bond, the radical is now fully localized on C 3 . Furthermore, from Table 8 it can be seen that quite good agreement is obtained for α-H 1 and the β-hydrogen with differences of 1.7 and 0.0 MHz respectively, while α-H 2 differs slightly more by 8.5 MHz. It should be noted that in order to obtain the best agreement for the HFCCs of the α-hydrogens they had to be tilted out of the plane by 5º. That is, the planarity of the C 3 centre had to be reduced. This is similar to that observed need in related studies on the methyl radical ( • CH 3 ) to slightly pyramidalize the carbon centre in order to obtain best agreement between the calculated and experimentally measured HFCCs. (Eriksson et al. 1994) 6. Oxidative repair of alkylated nucleobases: the catalytic mechanism of AlkB A common type of DNA damage is the alkylation of nucleobases at one or more of their oxygen and nitrogen centres. (Liu et al. 2009 ) This can be caused by endo-or exogenous agents such as S-adenosylmethionine or tobacco smoke, respectively. (Hecht 1999; Rydberg & Lindahl 1982 ) Consequently, cells have developed several methods by which to mediate or repair such damage. One approach is to use enzymes known as DNA glycolsylases to simply excise the damaged nucleobase via an acid-base cleavage of its N-glycosidic bond. (Mishina et al. 2006; Sedgwick et al. 2007 ) Alternatively, repair enzymes may use a non-redox mechanism to remove only the alkyl group. For example, O 6 -methylguanine-DNA methyltransferase transfers the methyl of O 6 -methylguanine onto an active site cysteinyl residue. (Lindahl et al. 1988 ) However, a third approach is alkyl group removal using a redox mechanism catalysed by the AlkB family of enzymes.
Although included in the α-ketoglutarate-Fe(II)-dependant dioxygenase superfamily, the AlkB family is the only one known to oxidatively dealkylate nucleobases. (Falnes et al. 2002; Trewick et al. 2002) Specifically, under physiological conditions they oxidatively repair the methylated nucleobases 1-meA, 1-meG, 3-meC and 3-meT (Figure 8) . (Yang et al. 2008 ) It is noted, however, that they have been demonstrated to also be able to remove longer alkyl chains. (Delaney et al. 2005; Duncan et al. 2002; Koivisto et al. 2003; Mishina et al. 2005) Fig. 8. Examples of methylated substrates that are dealkylated by the AlkB family of enzymes. The methyl groups to be removed have been colored in red.
Several X-ray crystal structures have been obtained of AlkB complexed with, for instance, cosubstrate or coproducts. (Yang et al. 2008; Yu et al. 2006 ) From these structures it was concluded that the active site of AlkB contains an Fe(II) ion ligated via two histidyl (His 131 , His 187 ) and an aspartyl (Asp 133 ) residue. Furthermore, the α-ketoglutarate (α−KG) cosubstrate bidentately ligates to the Fe(II) centre via carboxyl and ketone oxygens, (Falnes et al. 2002; Mishina et al. 2005; Trewick et al. 2002) while the methylated nucleobase sits adjacent to the Fe(II) centre. Based on these structures it was proposed that the mechanism of AlkB begins with activation of O 2 : on binding to the Fe(II) centre the O 2 moiety is reduced to O 2 •-while the Fe centre is oxidized to Fe(III). (Berglund et al. 2002; Nakajima & Yamazaki 1987) The O 2 •-moiety formed then attacks the α−KG cosubstrate converting it to succinate with concomitant formation of an oxo-ferryl Fe(IV)=O species, a strong oxidizing agent. (Clifton et al. 2006; Kovaleva & Lipscomb 2008; Liu et al. 2009 ) However, the =O group of the oxo-ferryl sits in the apical position and thus is not ideally situated to react with the methylated nucleobase. Hence, it reorients to an equatorial position. (Yu et al. 2006 ) An X-ray crystal structure (PDB: 2FD8) has been obtained under anaerobic conditions of AlkB with the single-strand trinucleotide dT-(1-me-dA)-dT bound within its active site. (Yu et al. 2006 ) Based on this experimental structure we obtained an appropriate chemical model for our computational studies. In particular, key active site residues, the Fe(II) centre, and −KG modeled by pyruvate were included. A crystal structure water observed to be ligated to the Fe(II) centre in the apical position was replaced by O 2 while the substrate 1-methyladenine was modeled as 3-methyl-4-amino pyrimidinyl cation (3me4amPym + ). Calculations were then performed at the IEF-PCM(ε=4.0)-B3LYP/LACV3P+(d,p)//B3LYP/ LACVP(d) level of theory. For complete details on the model and methods used please refer to Liu et al. 2009 .(Liu et al. 2009 In this chapter we focus on key findings of the oxidative demethylation stage of the mechanism, shown schematically in Figure 9 . However, it should be noted that the initial O 2 activation process preferentially occurs in the quintet spin state with a rate-limiting barrier of just 9.1 kcal mol -1 . The lowest energy pathway for the subsequent reorientation of the Fe(IV)=O species was also found to occur for the quintet spin state. Furthermore, it was found to proceed via a concerted mechanism with a barrier of 11.3 kcal mol -1 . For the oxidative demethylation itself, the lowest energy pathway also occurred on the quintet www.intechopen.com surface; the next lowest spin state, the triplet, at all times being higher in energy. Thus, herein, only the results for the quintet spin state are discussed. However, the energies for the triplet surface have been included in Figure 9 for purposes of comparison. In the apical position, the Fe(IV)=O oxygen is approximately 4.12 Å from the nearest target methyl hydrogen of the 3me4amPym + substrate. However, in 5 IC 1 , where it now lies in the equatorial position trans to His 187 , this distance has been reduced dramatically to 2.68 Å. Demethylation is initiated by abstraction of a hydrogen (H • ) from the target methyl group of the substrate by the Fe(IV)=O oxygen. This step proceeds via the transition structure 5 TS 1 at a cost of 20.9 kcal mol -1 to give intermediate 5 IC 2 lying just 1.0 kcal mol -1 higher in energy than 5 IC 1 . In 5 TS 1 the cleaving -CH 2 -H bond has lengthened to 1.30 Å while the corresponding FeO … H • distance is quite short at 1.22 Å. (Liu et al. 2009 ) This step is not only the rate limiting step in the actual demethylation of 3me4amPym + , but is also the highest reaction barrier obtained in the overall mechanism of AlkB. (Liu et al. 2009) In the related α-KG-Fe(II) non-heme enzyme TauD, which catalyses hydroxylation of propene, abstraction of a methyl hydrogen by the Fe(IV)=O species was also calculated to be the rate limiting step. (de Visser 2006) The barrier in AlkB, however, is significantly higher. It has been observed that in C-H activating heme enzymes the barrier for such an abstraction is linearly related to the BDE of the substrates C-H bond being cleaved. (de Visser et al. 2004; Kaizer et al. 2004 ) Thus, the significantly higher barrier observed in AlkB compared to TauD is likely due to the 14.3 kcal mol -1 greater -CH 2 -H bond energy in its substrate, 3me4amPym + . It should be noted that experimentally k cat for AlkB has been measured to be 4.5 min -1 , (Koivisto et al. 2003; Yu et al. 2006) corresponding to a rate-limiting barrier of 19.8 kcal mol -1 ; in good agreement with the present calculated barrier height for 5 TS 1 . In 5 IC 2 the Fe(IV)=O has been reduced to Fe(III)-OH while the substrate now contains a methylene-carbon centered radical (see Figure 9) . The next step is a 'rebound', transfer, of the hydroxyl group from the Fe-OH moiety to the substrate's radical centre. This reaction is almost barrierless proceeding via 5 TS 2 with a cost of only 0.6 kcal mol -1 . Significantly, the resulting intermediate 5 IC 3 lies markedly lower in energy than 5 IC 1 by -44.8 kcal mol -1 . Thus, effectively, the result of the first two steps in demethylation are exothermic insertion of an oxygen into a C-H bond of the substrates methyl group with reduction of the Fe(IV) centre to Fe(II). The much lower relative energy of 5 IC 3 may also reflect the structural rearrangement that occurs at the Fe centre which has gone from penta-to tetra-coordinate.
The final step in the demethylation of 3me4amPym + is decomposition of the hydroxylated intermediate to give 4-amino pyrimidine, the model for the demethylated nucleobase, and formaldehyde (Figure 9) . In this step an active site Glu 136 residue acts as a general base and deprotonates the Ade-CH 2 OH hydroxyl with concomitant cleavage of the Ade N-CH 2 OH bond. (Liu et al. 2009 ) This reaction proceeds via 5 TS 3 at the modest cost of 10.3 kcal mol -1 . It is noted that in 5 TS 3 the Ade N … CH 2 OH and Ade-CH 2 O-H bonds have lengthened to 1.58 and 1.22 Å, respectively, highlighting their concomitant cleavage. The product-bound complex 5 PC lies 45.1 kcal mol -1 lower in relative energy than the initial reactant complex 5 IC 1 . Thus, demethylation of 1-methyladenine is calculated to be a quite exothermic process.
Conclusion
In this chapter the application of density functional theory (DFT)-based methods to the study of DNA damage and repair mechanisms has been illustrated. In particular, it was shown how they may be used to provide accurate detailed insights into the thermochemistry of fundamental chemical processes such as electron and proton transfers and thus, help to explain a number of experimental observations. Furthermore, through such studies they were able to show differences in the preferred oxidation pathways for the various DNA nucleobases. Similarly, by the careful examination of calculated hyperfine coupling constants, the nature and structure of radicals that may be formed upon exposure of DNA to radiation were deduced. Such an understanding also aids in determining the mechanism by which they may be formed. Finally, their versatility for the investigation of damage and repair mechanisms was highlighted. Indeed, by examining several pathways using seemingly quite simple chemical models, we have been able to deduce the preferred mechanism by which the deamination of cytosine radical may occur including (i) the preferred proton source(s), (ii) the order in which they are added to the leaving nitrogen centre, and (iii) the thermodynamically preferred products. Finally, similar methods in combination with much larger chemical models were used to also elucidate the oxidative dealkylation repair mechanism of AlkB. Together, these studies highlight the versatility and accuracy of DFT methods when used in combination with well-chosen chemical models for the study of DNA damage and repair.
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